In photocatalysis, the recombination of electron-hole pairs is generally regarded as one of its most serious drawbacks. The synthesis of various composites with heterojunction structures has increasingly shed light on preventing this recombination. In this work, a BiOBr-Bi 2 WO 6 photocatalytic heterojunction semiconductor was synthesized by the facile hydrothermal method and applied in the photocatalytic degradation process. It was determined that both reaction time and temperature significantly affected the crystal structure and morphologies of the photocatalysts. BiOBr (50 at%)-Bi 2 WO 6 composites were prepared under optimum synthesis conditions (120 ∘ C for 6 h) and by theoretically analyzing the DRS results, it was determined that they possessed the suitable band gap (2.61 eV) to be stimulated by visible-light irradiation. The photocatalytic activities of the as-prepared photocatalysts were evaluated by the degradation of Rhodamine B (RhB) under visible-light irradiation. The experimental conditions, including initial concentration, pH, and catalyst dosage, were explored and the photocatalysts in this system were proven stable enough to be reused for several runs. Moreover, the interpreted mechanism of the heterojunction enhancement effect proved that the synthesis of a heterojunction structure provided an effective method to decrease the recombination rate of the electron-hole pairs, thereby improving the photocatalytic activity.
Introduction
Photocatalysts are growing more prominent due to their essential role in most of today's environmental and energysource problems. Since 1972, photocatalysis has been heavily researched and an increasing number of results have been published [1] . The involved fields mainly include hydrogen generation by water-splitting [2, 3] and the remediation of environmental problems related to industrial wastewater treatment [4] , ground water purification [5, 6] , disinfection [7, 8] , and removal of air pollutants [9, 10] . Simultaneously, the defects of using photocatalysts were highlighted through their prosperous development specifically the low visiblelight driven photocatalytic activities (commercially used photocatalysts-TiO 2 could only be activated by UV light) and the high recombination rates of the photogenerated electronhole pairs.
Based on recent works, remediation trials aimed at overcoming the drawbacks mentioned above include modification of existing photocatalysts (e.g., metal deposition, doping, etc.) [11] and synthesis of novel photocatalysts with high-visiblelight driven photocatalytic activities such as C 3 N 4 [12] , graphene [13] , and bismuth composites (e.g., BiOX, X = F, Cl, Br, and I, Bi 2 WO 6 , etc.) [14, 15] . Bismuth composites have high visible-light photocatalytic activity due to their welldispersed valence bands consisting of not only O 2p orbitals like in metal oxide semiconductors, but also Bi 6s orbitals. As a result, the composites have better separation of electronhole pairs despite their narrow band gaps [16] . By adjusting the synthesizing conditions, a variety of morphologies of bismuth composites were prepared, such as nanoplatelike structures, microporous spheres, and hierarchical structures. This is because the structure of the photocatalyst, to some extent, influences their properties. For example, semiconductors with a 3D superstructure could have slightly narrower band gaps than plate-like semiconductors [15] .
Heterojunction semiconductors are gradually emerging recently due to the enhancement effect on the photocatalytic 2 International Journal of Photoenergy activity. Due to the high visible-light driven photocatalytic activity of bismuth composites and comparatively high recombination rate of the photogenerated electron-hole pairs, researchers focused on recombining two different bismuth composites to establish the heterojunction structure, in which the self-formed electric field could push the electrons and holes to opposite sides of heterojunction, effectively separating the charge carriers. Many heterojunction semiconductors with high photocatalytic degradation of pollutants have been reported that use either Bi 2 WO 6 or BiOBr in the composite [17] [18] [19] [20] [21] [22] . However, to the knowledge of the author, a BiOBr-Bi 2 WO 6 heterojunction photocatalyst synthesized by the facile hydrothermal method has still not been reported. Theoretically, a BiOBr-Bi 2 WO 6 composite has suitable band gap energy for simulation by visible-light irradiation and can be applied in the degradation of pollutants in dye water via generation of oxidative species such as hydroxyl radicals, superoxide radicals, and hydrogen peroxide.
This report presents the preparation of BiOBr-Bi 2 WO 6 heterojunction semiconductors using the facile hydrothermal method. The crystal structures and morphologies of the asprepared photocatalysts were observed by XRD and SEM techniques. DRS and classical Tauc formulation were applied to evaluate and calculate the band gap. The photodegradation of Rhodamine B (RhB) was used to measure the photocatalytic activity of the composites under visible-light irradiation (wavelength > 410 nm) in a slurry reactor. The influence of experimental conditions in synthesizing the samples and photocatalytic degradation process was explored and introduced. Finally the mechanism of the heterojunction enhancement effect was illustrated with the band structure. 2 WO 6 Composites. The facile hydrothermal method was used as the synthesis method to prepare the BiOBr-Bi 2 WO 6 composites. All of the reagents were purchased from Sigma-Aldrich in their pure form. 2 g Bi(NO 3 ) 3 ⋅5H 2 O was dissolved in 80 mL acetic acid and then dropwise added into the solution containing 0.45 g Na 2 WO 4 ⋅2H 2 O and 0.16 g KBr. Herein, the atomic ratio of BiOBr/Bi 2 WO 6 was 1 : 1. The turbid liquid was then moved into 45 mL Teflon-lined stainless steel autoclaves (purchased from Parr Instrument Company) and magnetically stirred for 30 minutes under room temperature. Next, the autoclaves were heated in the oven at a designated temperature for a designated amount of time. In this work, the temperatures that were chosen are 90 ∘ C, 120 ∘ C, 150 ∘ C, 180 ∘ C, and 210 ∘ C, respectively. Meanwhile, the time of the heat preservation was 3 h, 6 h, 9 h, 12 h, and 15 h, respectively. After the autoclaves naturally cooled down to room temperature, the precipitate was separated by centrifugation (1500 rpm for 5 minutes) and finally dried in the oven (80 ∘ C for 12 h).
Experimental

Synthesis of BiOBr-Bi
Characterization.
The crystal structures were characterized by X-ray powder diffraction (XRD) with a Cu-K radiation Diffractometer at 40 kV and 44 mA recorded with 2 scope ranging from 5 to 80 ∘ . As for the morphologies, fieldemission scanning electron microscopy (FE-SEM) was used.
The UV-Vis diffusion reflectance spectra of the photocatalysts were performed by a UV-Vis spectrophotometer (Thermo Evolution 300) equipped with an accessory to analyze powder samples.
Photocatalytic Reactor and Photocatalytic
Activity Measurement. The photocatalytic reactor was a slurry batch photoreactor. The light source was a 300 W tungsten halide bulb (purchased from USHIO) with a cut-off filter (purchased from Kenko Zeta, transmittance > 90%) to filter out the irradiation with wavelengths below 410 nm so that the irradiation in this system is attributed only to visible light. The intensity of the irradiation was found to be approximately 4.7 × 10
Einstein⋅m −2 ⋅s −1 measured by a quantum meter (Biospherical QSL-2100; 400 nm < < 700 nm). The sufficiently high irradiation intensity aimed to prevent the dependence of the reaction rate on the generation of the electron-hole pairs, and the controlled factor of the photocatalytic activity was the mass transfer. A cooling jacket was applied outside the reactor, and the temperature of the degradation process was kept around (20 ± 2) ∘ C. Meanwhile, the solid-liquid solution was stirred magnetically under 180 rpm to enhance the mass transfer.
Rhodamine B (RhB) was regarded as the polluting organic in the dye water. In each experiment, 200 mL of waste water (aqueous RhB solution) with a specific concentration was added into the 500 mL beaker, and a certain amount of the specific photocatalyst was mixed with the waste water under magnetic stirring for 30 min in the dark to attain the adsorption-desorption balance. The photocatalytic degradation was then performed for 2 hours in the presence of visiblelight irradiation. About 1 mL of the suspension was taken out from the reactor every 10 min, and the supernatant solution was separated using the centrifuge and measured by UV-Vis spectrophotometer (Puxi, UV 1901). The peak absorbance for RhB was = 554 nm. The degradation efficiency of RhB was calculated using the following equation:
where is the initial concentration of RhB and is the concentration of RhB at the specific testing time during the degradation.
To study the influencing factors of the degradation process, the initial concentration of RhB, pH of the dye water, and the dosage amount of the photocatalysts in the slurry system would be explored.
Results and Discussion
3.1. XRD Analysis. Two factors, the time of the heat preservation and the temperature in the synthesis process, were explored, and the crystal structures of the BiOBr-Bi 2 WO 6 composites synthesized under different experimental conditions were measured by X-ray diffraction techniques, which were shown in Figures 1 and 2 .
Firstly, the effect of holding time of the autoclaves in the oven was studied and shown in Figure 1 . All of the XRD patterns synthesized under various holding times at 120 ∘ C showed that characteristic peaks were in good agreement with the tetragonal structure for BiOBr in the standard JCPDS card (09-0393) and the orthorhombic structure for Bi 2 WO 6 in the standard JCPDS card . With the holding time rising up to 6 h, the characteristic peaks became much sharper which signifies an increase in crystallinity. When the holding time exceeded 6 h, the outline and the intensity of the characteristic peaks were similar, which suggested that 6 h was enough for the synthesis of the BiOBr-Bi 2 WO 6 composites just from the point of the crystal structure.
Secondly, the effect of the synthesis temperature of the autoclaves in the oven was studied, and the XRD pattern of the BiOBr-Bi 2 WO 6 composites synthesized under various temperatures and holding 6 h was shown in Figure 2 . It could be concluded that the composites before hydrothermal treatment singly consisted of tetragonal BiOBr, and with increasing temperature, the characteristic peaks of orthorhombic Bi 2 WO 6 became more prominent such as the typical peak at 2 = 28.30
∘ . When the temperature was over 120 ∘ C, the characteristic peaks of BiOBr became weaker and the characteristic peaks of Bi 2 WO 6 became stronger. At 210 ∘ C, only some stunted characteristic peaks of Bi 2 WO 6 were found. This phenomenon might be because temperatures higher than 120 ∘ C were in favor of the growth of Bi 2 WO 6 and probably went against the growth of BiOBr [23] . The XRD results indicate that the crystal structures of BiOBr-Bi 2 WO 6 composites could be selectively synthesized by adjusting the hydrothermal reaction holding time and temperature, and the well-crystallized BiOBr-Bi 2 WO 6 composites could be synthesized with facile experimental conditions at 120 ∘ C for 6 h.
SEM Analysis.
Field-emission scanning electron microscopy (FE-SEM) has been performed to analyze the morphologies of the as-prepared BiOBr-Bi 2 WO 6 composites. The formation process of BiOBr-Bi 2 WO 6 composites involved hydrothermal ripening, which is a common phenomenon in crystal growth process. Based on the images in Figure 3 , it suggested that by increasing the reaction time from 3 h to 15 h (while keeping the temperature at 120 ∘ C) the structure changed from thin and irregularly shaped agglomerate nanoplates to flawless bigger microspheres. Specifically, when the reaction time was 6 h, the composites could be described as nanoplate-like BiOBr covered with flake-like Bi 2 WO 6 . When the reaction time exceeded 6 h, the size increase from about 1 m (at 6 h) to about 8 m (at 15 h) could be interpreted as the intrinsic anisotropic growth habit which could happen when the energy was high enough to overcome the reaction barriers (heated over 120 ∘ C in our system) [24] . The surface became much smoother due to the recrystallization process, which frequently took place during the hydrothermal synthesis of nanomaterials [25, 26] . The tighter the structure was, the lower the total energy of the system would be via minimal surface energy. SEM images of the photocatalysts synthesized under various temperatures for 6 h were shown in Figure 4 . They were hierarchical microspheres with increasingly better-crystallized flake-like Bi 2 WO 6 grown on the surface when the temperature increased from 90 ∘ C to 210 ∘ C. Combined with the results of XRD, it could be concluded that high temperatures selectively accelerated the formation of flake-like Bi 2 WO 6 . These results are highly consistent with the XRD results analyzed in the previous section and further prove that the structure of the BiOBr-Bi 2 WO 6 composites could be controlled by adjusting the experimental conditions.
UV-Vis Diffuse Reflectance Spectrum (DRS) Analysis.
Optical properties of the as-prepared photocatalysts were measured by their UV-Vis reflectance spectra. Figure 5 shows the reflectance spectra of samples including pure Bi 2 WO 6 , BiOBr (50 at%)-Bi 2 WO 6 composite, pure BiOBr, and TiO 2 (P25, anatase). All of these results exhibit a significant increase in absorbance at the wavelength of irradiation lower than some specific value. For the band gap transition, for example, the value for the BiOBr (50 at%)-Bi 2 WO 6 composite was about 470 nm. Calculation of the band gap used the following classical Tauc equation for indirect semiconductors:
where photon = ℎ]; , , , , ℎ, and ] represent the absorption coefficient, constant for semiconductor (usually equal to 1), band gap energy, constant for semiconductor depending on the type of the band gap (for indirect transition: = 4) [27-29], Planck constant, and irradiation frequency, respectively [30] . The band gap value ( ) was extrapolated by plotting ( × photon ) 1/2 versus photon shown in Figure 5 , and the band gaps were 3.10 eV, 2.80 eV, 2.61 eV, and 2.72 eV for TiO 2 , pure Bi 2 WO 6 , BiOBr (50 at%)-Bi 2 WO 6 composites, and pure BiOBr, respectively. They suggested that the bismuth composites are suitable for being activated by visible light and that TiO 2 could only be motivated by irradiation with wavelengths lower than 400 nm, that is, the ultraviolet region. Furthermore, a red-shift from 2.61 eV to 2.72 eV was observed when the BiOBr formed a heterojunction with Bi 2 WO 6 , which could be due to the notable effects of the shape and structure. SEM images of pure BiOBr, Bi 2 WO 6 , and the BiOBr (50 at%)-Bi 2 WO 6 composites were shown in International Journal of Photoenergy Figures 3(f) and 4(f). The 3D superstructure of the BiOBrBi 2 WO 6 heterojunction could decrease the band gap compared to the plate-like BiOBr; similar results appeared in [15] . In conclusion, synthesizing the novel photocatalysts (bismuth composites in this work) with suitable band gaps could theoretically widen the wavelength of the irradiation into the visible-light range.
Photocatalytic Performance in Degradation of RhB
Effect of Synthesizing Conditions.
Photocatalytic activities of the as-prepared photocatalysts were evaluated by the degradation of RhB under visible-light illumination ( > 410 nm). The degradation efficiencies for systems with photocatalysts synthesized at different reaction times and the same reaction temperature and for the same reaction time at different reaction temperatures were displayed in Figures  6 and 7 , respectively. Calculated apparent reaction constants of each experiment were also summarized in Table 1 . For reaction times, from 0 h to 6 h (0 h means photocatalysts without hydrothermal process and separated from the precursor directly) at 120 ∘ C, the degradation efficiency improved from 50% to 82% within the first 10 min. This phenomenon might correspond to the increasingly better-crystal heterojunction structure which could enhance the photocatalytic degradation by improving the separation of the electron-hole pairs. From 10 min and onwards, deterioration in photocatalytic activity was probably caused by the decrease of surface defects that was introduced in Section 3.2. As for the photocatalytic activities of photocatalysts synthesized under different reaction temperature for the same reaction time, an optimum hydrothermal temperature existed at 120 ∘ C with approximately 100% degradation efficiency in just 20 min. This could be interpreted as temperatures higher or lower than 120 ∘ C hindered the establishment of the heterojunction. Therefore, an optimum hydrothermal reaction time and temperature existed and were determined to be 6 h and 120 ∘ C, respectively. These results are in good correspondence with the analysis of the crystal structure of the as-prepared photocatalysts as the structure significantly influenced the reactive performance. for 6 h) and the same experimental conditions such as photocatalyst dosage (1.0 g/L), pH (5), and reaction temperature (20 ± 2 ∘ C). The photocatalytic degradation efficiencies in these systems were shown in Figure 8 . To investigate the influence of photolysis of RhB, the photolytic conversion at initial concentration of 10 ppm was measured and shown in Figure 8 and was found to be negligible. It could be observed that the RhB was completely removed in 20 min in the systems with an initial concentration of 5 ppm and 10 ppm, and by increasing the initial concentration of RhB from 20 ppm to 50 ppm, the degradation efficiency decreased from 60% to 22% in 20 min. These results could be ascribed to the degradation process which involves three individual processes: adsorption of RhB, reaction of RhB with oxidative species, and desorption of degraded products [31] . For a certain amount of the catalyst dosage (1.0 g/L), the adsorption and active sites were limited which resulted in increasing competition for RhB to be adsorbed and degraded with increasing concentration of the initial solution. Another reason is attributed to the reduction of the irradiation energy while passing through the solution. As expected when increasing the concentration of RhB, the color of the solution became much darker, which means much more irradiation energy would be lost before reaching the surface of the photocatalysts and it would correspondingly decrease the production efficiency of the electron-hole pairs. These two reasons finally resulted in the phenomenon that an increase of the initial solution concentration corresponds to a decrease in the degradation efficiency.
Effect of Initial
Effect of Photocatalysts Dosage.
As a relatively expensive technique, it is significant to choose a suitable catalyst dosage for optimal degradation efficiencies. The dosage was varied from 0.5 g/L to 3.0 g/L (synthesized under 120 ∘ C for 6 h) and tested at the initial RhB concentration of 20 ppm and pH of 5, as shown in Figure 9 . The photolytic effect of the irradiation was also measured in the system with initial concentration of 10 ppm and found to be negligible. As for the degradation efficiencies for different systems, it was surprisingly found an evident increase from about 10% to 40% when the catalyst dosage increased from 0.5 g/L to 1.0 g/L, and increasing the amount of the catalysts dosage up to 3.0 g/L then resulted in a tiny increase of the degradation efficiency in 30 min which was found as shown in Figure 10 .
Meanwhile, before turning on the light, the adsorptiondesorption ability in systems with different catalysts dosage was also investigated, and results suggested more of the photocatalysts in the system possessed much more active sites and were able to adsorb much more RhB before the photocatalytic process, which successfully explained the phenomenon that the photocatalytic activity could be enhanced by increasing the catalyst dosage. Beyond that, excessive amounts of the photocatalyst in the system would induce the increase of light scattering and decrease the irradiation penetration, thereby reducing the photocatalytic degradation efficiency [32, 33] . The integrated effects lead to the final results, which explained why intensive increase of the photocatalytic degradation efficiency has not occurred when the photocatalyst dosage was massively increased. was displayed by measuring the UV-Vis spectra as shown in Figure 11 (HCl and NaOH have been used to adjust the pH). It could be easily concluded from the results that different initial pH directly determined the mechanism of the degradation of RhB. Specifically, it could be seen that when the pH of the RhB solution was equal to 5, 7, and 9, these degradation processes have similar mechanisms. That is, the RhB was stepby-step degraded into Rhodamine by deethylation, observed by the blue-shift of the widely introduced characteristic peak from 554 nm (Rhodamine B) to 498 nm (Rhodamine) [31, 34, 35] . Meanwhile, with the increase of the pH from 5 to 9, the photocatalytic degradation efficiency decreased, which is attributed to the reduced adsorption of RhB with increasing pH while the high adsorption at relatively lower pH promoted the degradation rate [36] . When the pH reached 12, the RhB hardly was adsorbed on the surface of the photocatalysts, resulting in negligible degradation efficiency in 2 h. As for a pH of 2, it took longer time (about 2 h compared to 1 h for the system with initial pH equal to 7) for the blue-shift from 554 nm to 498 nm, which means it would be much more difficult for RhB to reach complete deethylation. This could be attributed to Bi 2 WO 6 being unstable and transforming into H 2 WO 4 and Bi 2 O 3 in the acidic solution [36, 37] . The transformation of Bi 2 WO 6 damages the BiOBr-Bi 2 WO 6 heterojunction and eventually reduces the photocatalytic activity.
Effect of pH of the RhB
While the pH influenced the adsorption of the pollutants onto the photocatalysts, the redox species were also influenced at varying pH. It could be concluded that at lower pH, the positive holes play the significant role while at neutral or alkaline circumstances hydroxyl radials were regarded as the major oxidative species [38] [39] [40] . The final results integrated all of these effects introduced above and it is concluded that the pH range from 5 to 9 is suitable for the as-prepared photocatalysts, and lower pH is preferable in this range.
Reusability.
To evaluate the reusability of the photocatalysts used in the system, consecutive photocatalytic processes for 4 runs have been measured and the results were displayed in Figure 12 . Between each run, photocatalysts were separated from the slurry by centrifugation. The used photocatalysts were then mixed with fresh dye water. Results show that the degradation efficiencies of RhB decreased from 100% (complete degradation) to 85% in 2 h. This proves that the as-prepared photocatalysts could be reused with relatively high photocatalytic activity. The run-by-run decrease in performance may be due to the intermediate products of degraded RhB, which were not completely degraded, to remain adsorbed on the surface of the photocatalysts. This would reduce the sorption ability of the photocatalysts, resulting in the decrease of the degradation efficiencies. The structure of the photocatalysts after the degradation process for 4 runs was detected by XRD, which was shown in Figure 13 . All of the characteristic peaks of tetragonal BiOBr and orthorhombic Bi 2 WO 6 came out in the XRD patterns of photocatalysts before and after the degradation for 4 runs, which means the main structure of the BiOBrBi 2 WO 6 heterojunction was not destroyed and was stable enough. However, each of the peaks in the upper XRD pattern has been widened and not as sharp as that of the under XRD pattern, and it suggests the crystallinity has been reduced to some extent that exactly corresponds to the pollutants or the intermediate products being adsorbed and remaining on the photocatalysts. In conclusion, the BiOBr-Bi 2 WO 6 photocatalysts synthesized by the hydrothermal method possess the stable properties and could be reused multiple times, which is a prerequisite for photocatalyst applications in practice.
The Mechanism of Heterojunction Enhancement.
The degradation efficiency of the photocatalyst synthesized by the hydrothermal method under 120 ∘ C for 6 h was compared to the efficiency of the photocatalyst synthesized by mechanically mixing pure BiOBr and Bi 2 WO 6 by the similar hydrothermal method under the same experimental conditions, in which the fixed ratio of BiOBr and Bi 2 WO 6 was equal to 1 : 1. The results were demonstrated in Figure 14 . Specifically, the degradation efficiency improved from 20% for mechanical mixing to 55% for chemical synthesis. The heterojunction photocatalyst took about 50 min to completely remove RhB, while it took 120 min to obtain the same degradation results from mechanical mixing. The evident enhancement was probably attributed to the establishment of the BiOBr-Bi 2 WO 6 heterojunction that has been introduced in other references [22, [41] [42] [43] . Similarly, the enhancement effect could simply be illustrated by the analysis of the band structure shown in Figure 15 BiOBr to that of Bi 2 WO 6 , while holes oppositely move from the valence band of Bi 2 WO 6 to that of BiOBr [27, 44] . This kind of movement effectively separates the electrons and holes so as to decrease the recombination rate of the electronhole pairs. The accumulated electrons and holes could then individually react with adsorbed species such as oxygen or the organic pollutants.
Conclusions
In this work, novel BiOBr-Bi 2 WO 6 heterojunction photocatalysts have been synthesized by the facile hydrothermal method. The optimal synthesis conditions, especially the hydrothermal reaction temperature (120 ∘ C) and holding time (6 h), have been explored and discussed on the basis of evaluating the sample's structure (XRD, SEM) and photocatalytic degradation efficiency. DRS results theoretically proved that BiOBr-Bi 2 WO 6 composites have suitable band gaps to be stimulated by visible-light irradiation. Furthermore, the influence of experimental conditions in the photocatalytic degradation process, such as the initial concentration, amount of the photocatalyst dosage, and initial pH, has been studied and discussed. By recycling the photocatalysts, it proved that the BiOBr-Bi 2 WO 6 composites were stable enough to be used in practice. Finally, the mechanism of the enhancement effect by establishing the heterojunction has been explained based on the band structure and further suggested it is an effective approach to separate the electronhole pairs, enhancing the photocatalytic activity in the degradation of pollutants in dye water.
